Nucleoside analogues with a Z-or an E-methylenecyclopropane moiety were synthesized and examined for activity against human immunodeficiency virus type 1 (HIV-1) in vitro. The addition of a methyl phenyl phosphoro-L-alaninate moiety to modestly active analogues resulted in potentiation of their anti-HIV-1 activity. Two such compounds, designated QYL-685 (with 2,6-diaminopurine) and QYL-609 (with adenine), were most potent against HIV-1 in vitro, with 50% inhibitory concentrations of 0.034 and 0.0026 M, respectively, in MT-2 cell-based assays. Both compounds were active against zidovudine-resistant, didanosine-resistant, and multidideoxynucleoside-resistant infectious clones in vitro. Further development of these analogues as potential therapies for HIV-1 infection is warranted.
The emergence of drug-resistant human immunodeficiency virus type 1 (HIV-1) variants during antiviral chemotherapy with nucleoside reverse transcriptase inhibitors (NRTIs) has limited their efficacy and complicated the strategy for controlling HIV-1-associated diseases (15, 16) . Nevertheless, NRTIs continue to play an important role in the therapy of AIDS. A number of novel NRTIs are currently under preclinical or clinical development (8, 10, 11, 14, 25) .
Recently, the replacement of the ribofuranose backbone on certain nucleoside analogues with a Z-methylenecyclopropane moiety (designated QYL compounds) was reported to confer potent antiviral properties (18, 19) . Some of these QYL compounds, such as guanine and adenine analogues QYL-438 and QYL-284A, respectively (their structures are shown in Table 1 and Fig. 1 ), displayed a broad array of antiviral activity in vitro (18) . A 2,6-diaminopurine derivative, QYL-546, had exhibited potent antiviral activity against human and murine cytomegalovirus (HCMV and MCMV), human hepatitis B virus (HBV), and Epstein-Barr virus (EBV). A cytosine analogue, QYL-468 has also been found to inhibit EBV, varicella zoster virus as well as HBV (19) .
Sixteen Z-or E-2-[(hydroxymethyl)cyclopropylidene]methyladenine and -guanine analogues with or without a methyl phenyl phosphoro-L-alaninate (PPA) moiety were designed and synthesized as previously described (18, 19, 19a) . Structures of nine major analogues are illustrated in Fig. 1 . 3Ј-Azido-2Ј,3Ј-dideoxythymidine (AZT, or zidovudine) and 2Ј,3Ј-dideoxyinosine (ddI, or didanosine) were purchased from Sigma (St. Louis, Mo.) and CalBioChem (La Jolla, Calif.), respectively.
We first examined a panel of nucleoside analogues containing a methylenecyclopropane moiety for anti-HIV-1 activity and cytotoxicity in vitro in the MT-2-based assays as previously described (20, 21) . As shown in Table 1 , compared to the antiviral potency of zidovudine and didanosine, five (QYL-284A, -609, -600, -685, and -675) of 16 compounds assessed showed comparable activities against HIV-1 LAI in MT-2 cells assessed by the MTT assay. Assays for p24 Gag protein production with MT-2 cells corroborated the data with the MTT assay. We subsequently examined the possible structure-activity relationship among these compounds ( Fig. 1 and Table 1 ). QYL-546, which has 2,6-diaminopurine and a Z-(cis)-methylenecyclopropane group, was moderately active against the virus, with a 50% inhibitory concentration (IC 50 ) of 12 Ϯ 1.5 M (means Ϯ standard deviations) ( Table 1 ). The addition of the PPA moiety to QYL-546 produced QYL-685, which was quite potent against the virus, with an IC 50 of 0.034 Ϯ 0.007 M. QYL-284A, adenine and a Z-(cis)-methylenecyclopropane group, was active against the virus, with an IC 50 of 0.75 Ϯ 0.35 M ( Table 1 ). The addition of the PPA moiety to QYL-284A produced QYL-609, which proved to be the most potent moiety against the virus (IC 50 of 0.0026 Ϯ 0.0016 M) but also the most toxic among the compounds tested. QYL-675, unlike QYL-685, has an E (trans)-methylenecyclopropane with the PPA moiety and showed no significant antiviral activity. QYL-678 has a guanine and a Z-(cis)-methylenecyclopropane group with the PPA moiety and exerted no significant antiviral activity either. These data suggest that methylenecyclopropane analogues with a Z configuration and the PPA moiety have optimal antiviral activity against HIV-1. QYL-685 and QYL-609 were further examined in PHA-PBM exposed to a clinical HIV-1 isolate, HIV-1 ERS104pre , by using p24 protein production as an endpoint as previously described (23) . Both compounds were potent against HIV- Certain permuted versions of nucleoside analogues such as 1-[(2-hydroxyethoxymethyl]-6-(phenylthio)thymine (HEPT) compounds selectively inhibit reverse transcriptase (RT) from HIV-1 but do not inhibit HIV-2 RT, thus falling within the group of nonnucleoside RT inhibitors (3, 24) . We, therefore, tested QYL-685 and QYL-609 for activity against HIV-2 ROD (7) in MT-2 cells by using the p24 Gag protein production assay. Both compounds were active against HIV-2 (IC 50 s, 0.38 Ϯ 0.13 M and 0.03 Ϯ 0.01 M, respectively) but apparently with a moderately reduced potency compared to their potency against HIV-1.
We also asked whether QYL-685 and QYL-609 were active against three major drug-resistant HIV-1 variants: a zidovudine-resistant HIV-1 215 , a didanosine-resistant HIV-1 74 , and a multi-dideoxynucleoside-resistant infectious clone carrying five amino acid substitutions, HIV-1 62/75/77/116/151 (22, 25) . In agreement with previous reports (9, 22, 23) , HIV-1 215 was resistant to zidovudine, HIV-1 74 was resistant to didanosine, and HIV-1 62/75/77/116/151 was highly resistant to both zidovudine and didanosine (Table 2) . QYL-685 and QYL-609 were, however, active against all these drug-resistant HIV-1 variants examined.
The introduction of a Z-methylenecyclopropane moiety in place of the ribofuranose portion of nucleoside analogues achieves two goals that could promote antiviral properties. One obvious advantage is the removal of the 3Ј-OH group necessary for phosphodiester linkages between nucleosides, resulting in a DNA chain termination. The other consequence of this structural change could be a conformational constraint (18) . It has been shown that the introduction of a rigid structure into nucleosides can promote antiviral properties in certain compounds (1, 2, 5, 18) . For example, a conformationally constrained analogue of acyclovir was found to have potent antiherpetic properties (herpes simplex virus type 1 [HSV-1] and HSV-2) comparable to those of the nonconstrained acyclovir (2) . The structural rigidity of stavudine (D4T) also appears to play an important role in its antiviral activity (4, 5) . For these reasons, QYL compounds have become increasingly attractive as potential antiviral agents (18, 19) . The addition of a PPA moiety to Z-methylenecyclopropane nucleoside ana- logues (QYL compounds) often either enhances existing antiviral activity or renders inert compounds active against certain viruses (19a) . This effect is presumably due to the lipophilicity of the PPA moiety facilitating cellular entry and effective intracellular di-and triphosphorylation of the monophosphate generated inside the cells.
In the present study of structure-activity relationships, it was found that adenine and 2,6-diaminopurine Z-methylenecyclopropanes (QYL-284A and QYL-546A, respectively) were moderatelyactiveagainstHIV-1invitro.Severalhydroxymethylcyclopropylidine-methyladenines without the PPA moiety (e.g., QYL-284A but not QYL-546) have been recently described by Cheng et al. (6) . However, the addition of the PPA moiety, producing QYL-685 and QYL-609, significantly increased the antiviral activity against HIV-1 (Table 1) . It is presumed that the agents possessing the highly lipophilic PPA moiety enter cells relatively quickly. This property of the PPA moiety may bring about an enhancement of the agent's activity, in particular, when it is added to agents which hardly penetrate the cellular membrane or to unstable agents that tend to deteriorate before cellular entry. Furthermore, it should be noted that methylenecyclopropanes with the PPA moiety are already monophosphorylated with the phosphate group within the PPA moiety. Although the question of which cellular enzyme(s) is responsible for the monophosphorylation of methylenecyclopropane analogues QYL-284A and QYL-546 has not yet been answered, it is likely that these compounds are only moderately (or poorly) monophosphorylated in HIV-1-exposed cells. Thus, the introduction of the PPA moiety effectively bypassed the intracellular monophosphorylation step for the intracellular delivery of QYL-546-and QYL-284A-monophosphates, which, presumably, were ultimately converted to triphosphates to exert their potent anti-HIV-1 activity.
The moderate level of anti-HIV-1 activity of the 2,6-diaminopurine E analogue QYL-675 implies that geometric isomerism of QYL compounds is of great importance. It is not known, however, whether or not RT or intracellular kinases can effectively operate on E-isomers of these compounds. This question could be answered by synthesizing a triphosphate form of this compound and subjecting it to an RT assay, in a future investigation. Two pyrimidine QYL compounds, QYL-692 and QYL-468, failed to exhibit significant anti-HIV-1 activity. It is important to note, however, that these drugs do not have the PPA moiety. Until pyrimidine analogues with the PPA moiety are 
a MT-2 cells were exposed to 100 50% tissue culture infective doses of HIV-1 LAI plus various concentrations of each QYL compound, and the cells were cultured for 7 days (13, 17, 20, 21) . Data shown represent the mean values of triplicate determinations. More than two independent experiments were conducted for each drug.
b SI, selectivity index (CC 50 /IC 50 ). c ND, not determined. a MT-2 cells were exposed to 100 50% tissue culture infective doses of each infectious clone, the amounts of p24 Gag protein produced were determined by radioimmunoassay, and IC 50 s were computed (13, 17, 20, 21) . Data shown represent the mean values (with standard deviations) derived from three independent experiments conducted in triplicate. All HIV-1 strains used were infectious clones as previously reported (22, 25 tested for anti-HIV-1 activity, conclusions cannot be made as to whether pyrimidine QYL compounds could be active against HIV-1. QYL-685 and QYL-609 were active against HIV-2 but with a moderately reduced potency. Since no triphosphate forms of QYL-685 or QYL-609 are presently available (we have tried unsuccessfully to radiolabel QYL-685 and QYL-609 multiple times, using two different procedures [16a] ), it is not possible to examine the enzymatic properties of these compounds in the enzymatic assays. However, for the following two reasons, we assume that these two compounds fall within a category of NRTIs. First, all the known non-NRTIs are absolutely ineffective against HIV-2 in in vitro cell-based assays, whereas they are very effective against HIV-1 (3, 9, 10, 15). Thus, our observations that PPA derivatives are about 10-fold less potent against HIV-2 than against HIV-1 make the possibility that PPA derivatives are non-NRTIs less likely. Second, we performed RT assays with HIV-1 RT and found that PPA derivatives failed to block HIV-1 RT's enzymatic activity (data not shown), meaning that without further phosphorylation, PPA derivatives do not inhibit HIV-1 RT. This result also strongly suggests that the QYL compounds are NRTIs.
It is worth noting that allene analogues (12) related to methylenecyclopropane compounds have a narrower range of antiviral activity (cytallene has activity against HIV and HBV), whereas methylenecyclopropanes have a broader antiviral spectrum without the PPA group (19a) . However, QYL-685 and QYL-609 have proved to be active against a variety of viral pathogens, including human and murine cytomegaloviruses, human hepatitis B virus, Epstein-Barr virus, varicella zoster virus, and herpes simplex virus-1 and -2 (19a) .
It should be stressed that QYL-685 and QYL-609 were active against three major drug-resistant HIV-1 variants, HIV-1 215 , HIV-1 74 , and HIV-1 62/75/77/116/151 ; this is quite interesting, since these compounds may be potentially clinically useful in the treatment of individuals harboring such drug-resistant HIV-1 variants. Further development of methylenecyclopropane nucleoside analogues with the PPA moiety as potential therapies for HIV-1 infection is thus warranted.
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